















solar	 spectrum	 and	 can	 be	 inexpensive.	 Water-based	 carbon	 nanofluids	 with	 two	 different	
concentrations	(3	and	33	mg·l-1)	were	prepared	with	sodium	dodecyl	sulphate	as	surfactant	to	
achieve	good	high-temperature	stability	with	a	constant	mean	particle	size	of	200	nm	at	25	°C	




using	 the	 Kubelka-Munk	 theory.	 The	 average	 value	 of	 the	 absorption	 coefficient	 showed	
important	 increases	 when	 comparing	 water	 against	 the	 nanofluid	 with	 the	 highest	
concentration	(from	0.1	to	3.3	cm-1).	Finally,	the	temperature	change	achieved	when	lighting	the	























































Nowadays,	 the	 consumption	 of	 energy	 worldwide	 continues	 to	 increase,	 which	 causes	
increments	 in	 the	 energy	market,	 decreases	 in	 availability	 and	 energy	 security,	 and	 growing	
environmental	concern,	which	is	rapidly	changing	the	global	energy	scenario.		Energy	and	water	







single	 year	 [1,2].	 The	 direct	 absorption	 solar	 collector	 (DASC)	 concept	 is	 an	 interesting	















single-wall,	 multi-wall	 and	 functionalised	 nanotubes	 [16,18,19,20],	 carbon	 nanohorns	
[9,12,13,21],	graphene	and	graphene	oxide	[22,23])	have	been	studied	in	these	applications.		





major	 problems	 for	 DASC	 applications.	 As	 DASC	 is	 still	mainly	 focused	 on	 low	 temperatures	
(below	 100	 °C)	 and	 due	 to	 the	 hydrophobic	 nature	 of	 the	 carbon	 nanomaterials,	 different	
methods	have	been	developed	to	achieve	stable	nanofluids	[27,	28].	Among	them,	non-covalent	
functionalisation	with	the	addition	of	surfactants	is	a	common	solution	that	has	been	proved	to	
yield	 good	 results	without	 increasing	 the	 cost	 and	 time	of	 the	method	of	 production	 of	 the	
nanofluids.	
Nanoparticle	material	and	morphology	are	fundamental	parameters	of	the	optical	properties	of	
nanofluid,	 which	 in	 return	 determine	 the	 amount	 of	 solar	 radiation	 energy	 absorbed.	 The	















been	 demonstrated	 that	 over	 the	 expected	 lifetime	 of	 the	 solar	 collectors	 there	 will	 be	 a	
reduction	of	740	kg	of	CO2	in	a	nanofluid-based	collector	in	comparison	to	a	conventional	one	
[31].	 From	 the	 point	 of	 view	 of	 the	 economic	 benefits,	 global	 solar	 energy	 production	 is	
predicted	 to	 be	 the	 fastest	 developing	 type	 of	 energy	 generation	 between	 2012	 and	 2040.	
Moreover,	the	total	worldwide	installed	capacity	of	concentrating	solar	thermal	technologies	in	
2016	 is	 expected	 to	double	by	2022	 reaching	10	GW	 [32].	 So	any	 small	 improvement	 in	 the	
capability	of	 the	solar	nanofluid	 to	 improve	 the	efficiency	of	a	solar	collector	will	 lead	 to	big	
economic	benefits	in	the	coming	years.	
Different	experimental	facilities	have	been	employed	in	the	literature	to	evaluate	carbon-based	
nanofluids	 for	 direct	 solar	 absorption	 [33-40].	 	 Among	 carbon-based	 nanofluids,	 those	 using	
carbon	 black	 (CB)	 nanoparticles	 possess	 similar	 optical	 properties	 of	 other	 carbon-based	







sunlight.	 Zeiny	 et	 al.	 [43]	 experimentally	 investigated	 optical	 and	 photo-thermal	 properties	
observing	increases	of	125	%	was	achieved	in	photothermal	conversion	efficiency	by	100	mg/l	
CB-water	nanofluid.	Ulset	et	al.	 [44]	reached	73%	efficiency	 in	steam	generation	 in	parabolic	
concentrator	at	0.76	sun	using	a	3	wt%	water-based	CB	nanofluid	as	the	working	fluid.	
In	this	work,	the	base	fluid	used	was	water,	and	the	CB	based	nanofluids	were	produced	by	the	
two-step	 method.	 To	 offset	 the	 hydrophobic	 behaviour	 of	 the	 carbon	 NP,	 sodium	 dodecyl	
sulphate	 (SDS)	was	employed	as	a	surfactant	agent	 to	ensure	 that	nanoparticles	 remain	well	
dispersed	 in	 the	 water.	 Two	 different	 water-based	 carbon	 nanofluid	 samples	 with	 different	
concentrations	 have	 been	 evaluated.	 The	 main	 characterisation	 was	 focused	 on	 the	
morphology,	stability	and	optical	properties	as	well	as	the	conversion	of	radiation	into	thermal	
energy.	Morphology	was	studied	using	Transmission	Electron	Microscopy	(TEM).	Stability	and	
particle	 size	distribution	were	measured	using	 the	Dynamic	 Light	Scattering	 (DLS)	 technique.	
Different	 optical	 properties	 such	 as	 absorption,	 scattering	 coefficients	 and	 solar	 absorbed	
energy	 of	 the	 different	 samples	 have	 been	measured	 or	 calculated.	 These	 parameters	were	
obtained	by	combining	experimental	techniques	including	spectrophotometers	and	integrating	
sphere,	and	also	the	Kubelka-Munk	theory.	To	complete	the	characterisation	of	the	nanofluids	




we	 introduce,	 for	 the	 first	 time	 to	 our	 knowledge,	 a	 photothermal	 conversion	 efficiency	
evaluation	fitting	the	transient	temperature	evolution	of	the	fluids	in	an	evaluation	of	the		power	
absorbed	by	the	fluid	including	the	incident	radiation	and	the	heat	losses	due	to	convection	and	
radiation.	 This	method	provides	 a	 global	photothermal	 conversion	efficiency	 for	 each	 tested	






(NF2).	 The	 base	 fluid	 used	 herein	 was	 Milli-Q	 water	 (ultrapure,	 18.2	 MΩ).	 Carbon	 black	
nanoparticles	(ELFTEX	570,	Cabot	Corporation)	were	selected	for	their	solar	absorption	ability.	




















In	 this	 section,	 the	 shape	 and	 size	 of	 the	 solar	 NFs	 were	 characterised	 using	 transmission	
electron	 microscopy,	 TEM	 and	 dynamic	 light	 scattering	 (DLS)	 techniques,	 respectively.	 The	
















































































































𝐹	 𝑥 = 1 −	































refers	 to	 a	 single-sided	 irradiated	 volume	 of	 fluid.	 This	 parameter	 is	 very	 useful	 for	 optimal	
system	 dimensioning,	 as	 it	 indicates	 the	 distance	 from	 the	 input	 surface	 at	 which	 energy	
absorption	takes	place.	It	is	also	an	appropriate	parameter	to	evaluate	NFs	as	direct	solar	energy	




simulator	 (Oriel	 6263	 75	W	 Xe	 OZONE	 FREE).	 To	 achieve	 constant	 thermal	 and	 illumination	
conditions,	 the	 lamp	 was	 switched	 on	 30	 minutes	 before	 performing	 the	 experiment.	 The	














the	 light	source	for	all	 the	experiments,	 i.e.	 in	the	centre	of	the	cuvette	and	2	cm	below	the	
surface	of	the	liquid.	Additionally,	another	thermocouple	was	employed	to	measure	the	ambient	
temperature.	The	experiments	were	performed	in	a	closed	isolated	room	to	avoid	the	thermal	
















The	artificial	sunlight	simulator	power	at	 the	 location	of	 the	quartz	glass	tube	(Wmeasured)	was	
measured	by	a	potentiometer	(Ophir	1Z01500,	Nova	Display).	After	that,	the	quart	glass	tube	
was	located	in	the	same	position	to	ensure	that	the	incident	light	power	is	known.		







The	 efficiency	 was	 calculated	 based	 on	 the	 heating-up	 stage	 over	 the	 period	 between	 the	




















where	 n1,	 n2	 and	 n3	 are	 the	 refractive	 indexes	 of	 the	 vacuum	 and	 air,	 quartz	 and	 fluid,	
respectively.		







𝑊TSV\]^ = 𝑊S4T − 𝑊]fTT	 (10)	
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Moreover,	 to	 corroborate	 that	 the	 surfactant	 can	 withstand	 thermal	 cycling	 at	 high	
temperatures,	DLS	measurements	were	performed	at	85	°C.	In	Figure	6	it	can	be	observed	that	
the	mean	particle	size	of	the	agglomerates	is	not	affected	by	the	temperature	increase	although	
a	 slight	 narrowing	 of	 the	 peak	 takes	 place.	 Two	 different	 effects	 appear	 when	 increasing	
temperature:	on	 the	one	hand	 the	decrease	 in	 the	 fluid	viscosity	 leads	 to	an	 increase	 in	 the	


























hereafter.	 The	 spectral	 transmittance	 values	 obtained	 for	water	 are	 in	 accordance	with	 the	
















To	 ensure	 the	 suitability	 of	 the	 applications	 of	 these	 NFs	 in	 solar	 energy	 technologies,	 the	
absorption	coefficient	(K)	was	also	evaluated.	This	coefficient	was	calculated	using	the	different	
spectra	acquired	with	and	without	the	integrating	sphere	and	using	the	Kubelka-Munk	Theory.	
Figure	8	 illustrates	 that	 the	 synthesised	water-based	 carbon	NFs	have	 significantly	 improved	
absorption	 coefficients	 compared	 to	 their	 base	 fluid,	with	 higher	 absorption	 coefficients	 for	
























Figure	 10	 compares	 the	 fraction	 of	 sunlight	 absorbed	 by	 the	 investigated	 fluids	 (F(x)),	 as	
obtained	from	Equation	6.	The	trends	found	clearly	show	that	employing	nanofluids	for	a	solar	
collector	allows	 the	 sunlight	 to	be	absorbed	within	a	 lower	penetration	distance,	 just	 in	 few	







radiation	 absorption	by	 reducing	 the	distance	needed	 to	 completely	 absorb	 the	 sunlight.	 To	
quantitatively	 assess	 the	 differences	 from	 Figure	 10	 it	 is	 deducted	 that	 while	 NF2	 reached	
around	100	%	of	absorption	at	a	liquid	thickness	of	2	cm	and	around	5	cm	in	the	case	of	NF1,	the	















distribution	 value	 (reached	 by	NF2).	 The	 results	 obtained	 in	Figure	 11	 clearly	 show	 that	 the	
energy	is	mainly	absorbed	in	the	first	layers	of	nanofluids.	Moreover,	as	expected,	the	higher	
the	 absorption	 coefficient	 is,	 the	 lower	 the	 penetration	 distance	 required	 for	 complete	
absorption	will	be.	 In	any	case,	both	NFs	exhibit	an	absorption	of	up	to	97	%	of	 the	 incident	
energy	for	a	penetration	distance	of	2	cm	from	the	cuvette	surface.	These	results	complement	
the	conclusions	extracted	from	Figure	10,	 	where	the	nanofluids	demonstrate	complete	solar	






















and	 the	 photothermal	 efficiencies	 are	 obtained	 by	 means	 of	 Equations	 8	 to	 12,	 once	 the	





Comparing	 these	 results	with	 previous	works	 is	 not	 an	 easy	 task	 for	 the	 nanofluids,	 due	 to	
different	 nanoparticle	 types,	 concentrations,	 size	 distributions,	 etc.	 Also,	 different	 set-ups,	
equation	have	been	used	for	evaluating	water	photothermal	conversion	efficiency	in	addition	
to	shorter	times:	60	seconds	Zhang	et	at.	[46]	and	300	seconds	in	Jin	et	al.	[55]	and	Zeiny	et	at.	
[43]	 instead	of	 the	6000	 seconds	of	 the	present	work.	Taking	 these	 into	account,	 the	values	




obtained	 an	 efficiency	 of	 around	 29	 %,	 for	 NF	 this	 value	 increases	 to	 over	 86	 %	 at	 an	 NP	
concentration	 of	 33	 mg·l-1.	 In	 this	 variable	 it	 is	 also	 observed	 that	 the	 higher	 the	 NP	
	 Water	 NF1	 NF2	
ΔTmax	(°C)	 9.3	 20	 24.2	









During	 the	 development	 of	 this	 work,	 a	 colloid	 composed	 of	 carbon	 nanoparticles	 in	 water	
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